In the traditional reliable multicast schemes of wireless cellular network, base station (BS) repeatedly transmits the same packet until it is received by all receivers. The use of device-to-device (D2D) communication can greatly offload the traffic of BS. This paper considers D2D communicationbased multicast from BS to a cluster of devices which are close to one another (e.g., in the same building). So far, the efficient D2D retransmission scheme available is to associate each NACK-device (which did not correctly receive the data from BS) to some near ACK-device (which correctly received the data) for forming subclusters, and let ACK-devices retransmit the data to their respective associated NACK-devices in the FDMA mode by using multiple channels, aiming to minimize the time-frequency resource cost. Noticing that the total available channels are very limited and the devices' energy is a very precious resource, in this paper, we first present the subcluster-based single-channel D2D retransmission way where the ACK-devices use the same channel in the TDMA mode. Then, aiming to minimize the total energy consumption of retransmitters, we formulate the joint optimization of NACK-devices' association and retransmitters' transmission powers to be a mixed integer programming problem. Finally, we propose an efficient algorithm for this problem to find a good association pattern and transmission powers. Simulation results show that, using D2D communication greatly reduces multicast traffic load of BS. Moreover, compared to its counterparts with a fixed number of retransmitters, our retransmission scheme greatly reduces the total energy consumption of retransmitters.
I. INTRODUCTION
In recent years, the amount of traffic in wireless cellular network (WCN) has been rising rapidly. It should be noted that, in WCN, it frequently happens that a number of users request the same data simultaneously [1] , [2] , like up-to-date information distribution services (e.g., news, stock market, etc.) and file distribution (e.g., software updates). The amount of multicast traffic accounts for a large percent of the total traffic. In the traditional reliable multicast schemes of WCN, base station (BS) repeatedly transmits the same packet until it is received by all receivers, resulting in heavy multicast traffic load. Therefore, it is very important to develop efficient multicast schemes for WCN, which are able to effectively reduce the data retransmissions conducted by BS while guaranteeing the desired performance level with respective to packet delivery ratio, throughput, etc.
So far, much work has been done on designing efficient multicast schemes for WCN. For example, Low et al. [3] proposed optimized opportunistic multicast scheduling (OMS) which balances the tradeoff between multiuser diversity and multicast gain by transmitting data to only the ''best'' portion of users in each time slot using the maximal data rate that ensures successful decoding by these users. OMS significantly reduces the total transmission time required for transmitting a finite-length message to all users as compared with the conventional unicast and broadcast scheduling. Different from OMS, Araniti et al. [4] aimed to serve all multicast users in each time slot through utilizing multiple resource blocks (RBs) simultaneously so as to achieve higher throughput, and proposed an adaptive RB allocation policy which splits a multicast group into subgroups and optimizes the number of RBs allocated to each subgroup.
Recently, the device-to-device (D2D) communication was used in WCN to achieve several benefits [5] , [6] . For example, by exploiting direct communication between nearby mobile devices, D2D communication is able to reduce the network load by offloading cellular traffic from a BS [7] . Pan et al. [8] used a D2D based content pushing strategy to achieve the traffic offloading by taking into account two factors: content preference and sharing willingness. They placed users into several groups according to their content preferences and users share content with intergroup and intragroup users at different sharing probabilities. Also, D2D communication can be used as bridges to flexibly offload traffic among different tier cells and achieve efficient load balancing according to their real-time traffic distributions [9] . Additionally, D2D communication can be adopted as a routing extension to available cellular links, by establishing a twohop route between a device and the serving BS via a D2D relay. Compared to the traditional scenario, such a D2D-based two-hop route is able to enhance the experience of users at cell edge and at poor cellular link condition [10] , [11] . In [12] , the problem of optimizing individual D2D channel rates of the users with different priorities in the healthcare application was firstly studied and an algorithm of controlling the transmit power under a game theoretical framework was then proposed. In [13] , Sun et al. studied the radio resource management problem for D2D-based safetycritical V2X communications having stringent requirements on latency and reliability. In [14] , a socially incentive mechanism for content distribution through D2D communications has been proposed. The contract theory investigated in this work can effectively incentivize user's participation and increase capacity of the cellular network.
Note that, the above work focuses on the use of D2D communication to the unicast scenario. Some work has also been done on the use of D2D communication to the multicast scenario for different benefits like reducing BS's multicast traffic load, saving resources, improving packet delivery ratio, etc. Unlike the commonly studied D2D unicast, D2D multicast has the following unique challenge. Within a multicast group, the data rates attainable at different receivers are different because of the diverse link conditions between each receiver and the retransmitter. Therefore, designing the efficient strategies for determining the retransmitter(s) and the multicast rate of each retransmitter is critical to achieve high multicast efficiency.
The available works of designing D2D retransmission based multicast schemes mainly aim to the following two scenarios in WCN: a) the receivers are distributed over the whole cell [15] - [20] , [22] ; and b) the receivers are close to one another (e.g., all receivers are in the same building), forming a D2D multicast cluster (D2D-MC) [23] , [24] .
For the former scenario, Hou et al. [17] . proposed a D2D retransmission based multicast scheme for delivering multimedia services to the receivers spread out over the cell. The multicast of each packet consists of two phases. In phase I, the BS transmits the packet to all receivers at a high data rate; and in phase II, all those receivers that successfully received the packet in phase I simultaneously transmit the packet to the remaining receivers, also at a high data rate. Under the assumption that the total signal power received at a receiver in phase II is the sum of signal powers received from all transmitters (that is, assuming different copies of one packet arriving with the same phase), this scheme achieves high multicast throughput with very low signaling overhead and complexity. In [18] , we proposed the multicast scheme jointly using network coding and D2D communication to significantly reduce the number of D2D retransmissions. Wu et al. [19] considered the joint allocations of channel and transmission power for multiple D2D-MCs underlaying the uplink of a Long-Term Evolution (LTE) network, to maximize the sum throughput of active cellular users (CUs) and D2D-MCs in a cell. In this work, a single D2D-MC can reuse at most one cellular channel in underlay mode. Meshgi et al. [20] further considered a general scenario of multiple D2D-MCs underlaying a cellular network, where each D2D-MC can reuse the uplink channels of multiple CUs and the channel of each CU can be reused by multiple D2D-MCs. Cao et al. [21] proposed a social-aware video multicast system leveraging D2D communications, which lets clients form social ties based groups to obtain missing packets from other clients and stimulates effective cooperation among clients by making use of two types of important social ties, i.e., social trust and social reciprocity.
For the latter scenario, quite little work has been done so far. As the early work, Zhang et al. [23] proposed a retransmission scheme for the D2D-MC. The task of D2D retransmission is assigned to a fixed number of receivers called primary receivers, which are randomly selected from all receivers at the beginning of transmitting each block of packets. After the BS multicasts a block of packets, one after another the primary receivers retransmit one correctly received packet that is lost at one or more receivers until each receiver has obtained all packets. In the case that one or several receivers having lost packets are relatively far from all primary receivers, the number of retransmissions is large due to the bad D2D retransmission links. Zhou et al. [24] proposed a subcluster-based D2D retransmission scheme. In this scheme, each time the BS multicasts a data packet to a D2D-MC, BS associates each NACK-device (that did not correctly receive the data) to some near ACK-device (that correctly received the data from BS) for forming subclusters, and let retransmitters (i.e., the ACK-devices which have at least one associated NACK-device) simultaneously retransmit the data to their respective associated NACKdevices in the FDMA mode by using multiple channels. This scheme aims to minimize the time-frequency resource cost of WCN through optimizing NACK-devices' association 31470 VOLUME 6, 2018 pattern (AP) and is efficient as the D2D links inside the subclusters have short distances.
In this work, same as [23] and [24] , we focus on the multicast from BS to a cluster of nodes which are close to one another and design efficient D2D communication based retransmission scheme. Our work differs from [18] in the following two folds. 1) As the total available channels are quite limited in WCN, we consider the design of D2D communication based retransmission scheme where all retransmitters use the same channel (rather than multiple channels) in the TDMA mode. 2) As the battery energy of wireless devices (like smart phones) is very limited, we aim to minimize the total energy consumption (EC) of retransmitters through jointly optimizing AP and the transmission powers of retransmitters under the time resource constraint that the total time consumed by the retransmitters per packet must be below a predefined threshold value. The difference of optimization goal and the joint design of AP selection and transmission power control make our retransmission scheme design problem greatly different from that in [24] .
The main contributions of this paper are as follows.
• The subcluster based single-channel D2D retransmission way is proposed for the multicast from BS to a cluster of devices which are close to one another in WCN, where the ACK-devices use the same channel (rather than multiple channels) to retransmit the data in the TDMA mode.
• For the proposed retransmission way, we formulate the joint optimization of NACK-devices' AP and retransmitters' transmission powers under the time resource constraint to be a mixed integer nonlinear programming (MINLP) problem, minimizing the total EC of retransmitters.
• The MINLP problem is decomposed into two subproblems to solve in sequence: the problem of selecting a good NACK-devices' AP and the problem of optimizing retransmitters' transmission powers for the given AP. For the former subproblem, we propose an efficient heuristic algorithm. For the later subproblem, we transform it to be a convex problem and propose an optimal algorithm to obtain the optimal transmission powers.
• Through extensive simulations, we show that, on one hand, the use of D2D communication greatly reduces the multicast traffic of BS. On the other hand, compared to its counterparts with a fixed number of D2D retransmitters, the proposed retransmission scheme greatly reduces the total energy consumption of retransmitters.
The remainder of the paper is organized as follows. Section II describes the system model and present the subcluster based single-channel D2D retransmission way. Section III formulates the joint optimization of NACKdevices' AP and retransmitters' transmission powers to be an MINLP problem. The algorithm for solving the MINLP problem is presented in Section IV. Numerical results and discussions are given in Section V. Finally, Section VI concludes the paper.
II. SYSTEM MODEL AND THE PROPOSED RETRANSMISSION WAY
This work focuses on the reliable multicast of common data from BS in a cell of cellular network to N user devices which are close to one another, forming a D2D-MC, as shown in Fig. 1 .
FIGURE 1. Example of D2D multicast cluster with ACK-devices/NACK-devices.
We consider the quasi-static fading channel where the random channel gain remains constant over the duration of multicasting one packet. Also, assume that BS has knowledge of the instantaneous channel power gains of all D2D links at the beginning of delivering one new packet.
Here, we propose the following D2D communication based retransmission way where all retransmitters use a single channel rather than multiple channels based on the TDMA mode. Such a retransmission way has the good property that each D2D-MC in a cell only occupies one channel. This is significant because the total channels available in WCN are quite limited. More specifically, BS first transmits (physicallayer broadcasts) the packet to all devices in the D2D-MC and each device which correctly received the data from BS sends one ACK packet to BS. Then, based on the current channel power gains of all D2D links, BS elaborately associates each NACK-device to some near ACK-device (not definitely the nearest one). Call the combination of one ACK-device and its associated NACK-devices as one subcluster. Finally, the ACK-devices having at least one associated NACK-device (called retransmitters) retransmit the data to their respective associated NACK-devices using the same channel in the TDMA mode. The retransmitter transmits at the lowest rate determined by the device with the lowest D2D channel power gain in this subcluster to ensure that the multicast services can be provided to all NACK-devices in the subcluster.
Denote by N ACK and N NACK the number of ACK-devices and NACK-devices of current packet transmission, VOLUME 6, 2018 respectively. So N ACK + N NACK = N . Index ACK-devices from 1 to N ACK and index NACK-devices from 1 to N NACK . Let I = {1, 2, . . . , N ACK } and J = {1, 2, . . . , N NACK }. Call the subcluster formed by the ith ACK-device as the ith subcluster.
As the energy of wireless devices (like smart phones) is very limited, it is very necessary to reduce the total EC of retransmitters while using the D2D communication to offload multicast traffic from BS. In this work, for the proposed retransmission way, we aim to minimize the total EC of retransmitters per packet through jointly optimizing the AP and transmission powers of retransmitters under the time resource constraint. The reason of considering the time resource constraint is that, in practice, it is necessary to limit the total time T consumed by the retransmitters per packet to below some minimum value T th so as to achieve a desired performance in terms of packet delay and multicast throughput.
III. PROBLEM FORMULATION
We define a set of binary variables b i,j with if b i,j = 1 the jth NACK-device associates to the ith ACK-device, and otherwise b i,j = 0, where i ∈ I and j ∈ J . Clearly, as each NACK-device must associate to one and only one ACK-device, the following constraint should be satisfied:
Furthermore let g i,j represent the channel power gain of the D2D link from the ith ACK-device to the jth NACK-device. For the ith subcluster, let g i represent the channel power gain of its worst D2D link, i.e.,
In the above formula, if the jth NACK-device does not associate to the ith ACK-device (i.e., b i,j = 0), then
, that is to say, g i is actually independent of the jth NACK-device; if the jth NACK-device associates to the ith ACK-device (i.e., b i,j = 1), then
So the transmission rate of the ith ACK-device (the ith subcluster) can be expressed as
where B is the channel bandwidth, p i is the transmission power of the ith ACK-device and σ 2 is noise power. So the transmission time of the ith ACK-device is given by
where L is the packer size in bits.
Since the retransmitters access the wireless medium in the TDMA mode, then the total time consumption (TTC) of all retransmitters per packet delivery is
Thus, the constraint on TTC (i.e., T ≤ T th ) is expressed by
≤ T th .
Furthermore, the energy consumption of ACK-device i (i.e., the retransmitter of the ith subcluster) is given by
The total energy consumption of all retransmitters per packet is given by
It should be noted that, for the special subcluster, say the ith subcluster, that has only the ACK-device and no any associated NACK-device, we know that
g i,j = ∞ for any j ∈ J and thus g i = ∞ according to (2) . Based on (3), (4) and (7), R i = ∞, t i = 0 and E i = 0 for such special subcluster. Therefore, the total time consumption T and the total EC E is irrelevant to those ACK-devices (i.e., subclusters) that has no associated NACK-device.
Based on the above analysis, the considered optimization problem can be formulated as follows.
Clearly, problem (P1) is an MINLP problem. In general, MINIP problems are NP-hard and thus no efficient polynomial-time solutions exist. In this work, we discompose it into two subproblems and solve them in sequence: the problem of selecting a good AP and the problem of opti- 
IV. EFFICIENT ALGORITHM FOR THE MINLP PROBLEM
As mentioned above, we decompose the MINLP problem (P1) into two subproblems. In this section, for the former subproblem, we propose a heuristic algorithm to find a good AP. For the later subproblem, we transform it to be a convex problem and propose an optimal algorithm to obtain the optimal transmission powers. Below, we introduce the algorithms in details.
A. HEURISTIC ALGORITHM FOR SELECTING GOOD NACK-DEVICES' APS
For solving the problem of selecting good NACK-devices' APs, we first design an efficient heuristic algorithm to find good NACK-devices' AP when the subset of ACK-devices to associate NACK-devices (i.e., the set of candidate retransmitters) are given. Here, a subset of ACK-devices to associate NACK-devices is call a candidate-retransmitter pattern (CRP). Then we further introduce a method to select out a good CRP. If in the current round of NACK-device association improvement, no any association handoff is conducted, the iterative improvement stage ends. Additionally, note that some ACK-devices in the given CRP may not be the retransmitters finally.
This heuristic algorithm is formally described as follows. 2) Algorithm for selecting out a good CRP. In order to find the good CRPs, one straightforward method is to design an efficient heuristic algorithm which iteratively enhances the CRP whose corresponding AP is obtained by running Algorithm 1. However, considering that the total number of receivers inside one D2D-MC is usually not too large (e.g., N = 20) and also BS has high computational capability, checking the performance of each CRP to find the optimal one can be another option. For example, in the case that N = 20 and N ACK = 10, only 2 N ACK − 1 = 1023 CRPs need to be checked. Furthermore, simulation results (shown in next section) demonstrate that, even in topologies with a large N (say 30), the optimal CRPs usually consist of a small number of retransmitters only. Therefore, our algorithm is to check each one among CRPs whose retransmitter numbers are smaller than a preset value L th , say 9, VOLUME 6, 2018 to find out a good (usually the optimal) CRP. The appropriate value setting of L th depends on the number of ACK-devices N ACK . The larger N ACK is, the lager the appropriate value of L th is. The appropriate values of L th for different N ACK can be obtained from simulation results in advance and then applied in the on-line operation.
As for the performance metric for evaluating one CRP and its corresponding AP, the metric
The smaller the metric
1 g i is, the better the pair of (CRP, AP) is. It is worth noticing that, in our scheme, the selection of CRP and its corresponding AP is independent of transmission powers. One can jointly use the algorithm presented in the next subsection to obtain the optimal transmission powers of one pair (CRP, AP) and consequently know its EC according to (8) . Clearly, the metric EC is more accurate to evaluate the performance of a pair (CRP, AP) than our metric
. However, such joint selection of AP and retransmission powers has much higher computational complexity, but just very slightly outperforms our method which has been verified by simulation results (omitted due to space limit). This slight gain is very likely in [0%, 0.5%], depending on the topology.
B. ALGORITHM FOR OPTIMIZING TRANSMISSION POWERS FOR A GIVEN AP
In this subsection, we present the optimal algorithm to solve the transmission power optimization subproblem for a given AP. According to the formulation of problem (P1), the formulation of this subproblem is given by
To reveal the essence of this subproblem, we first give the following lemma.
Lemma 1: The energy consumption E i strictly monotonically increases as transmission power p i increases.
Proof: As dE i dp i = L ln 2
the conclusion is obtained.
Remark: On one hand, the above lemma shows that in order to minimize the EC, p i 's should be as small as possible. On the other hand, (5) clearly shows that TTC strictly monotonically increases as transmission power p i decreases. Therefore, p i 's are not allowed to be too small due to the TTC constraint.
Let P = p 1 , p 2 , ..., p N ACK represent the solution to problem (P2). Clearly, problem (P2) is not convex optimization problem due to the fact that its objective function is not convex function. So it is not easy to obtain its optimal solution. Next, we transform it to a convex optimization problem by replacing the optimization variables p i 's with variables t i 's.
According to (4), we have
Thus, substituting (17) into the objective function of (P2), we have
Furthermore, replacing the TTC constraint in (16) with
t i ≤ T th , (P2) can be transformed to be
Before proving this problem is convex, we first give the following lemma to understand it more deeply. Let a = 2 L B which is larger than one.
Lemma 2: E (T) =
As ln x > x−1
x holds for x > 1, we can know
by replacing a 1 t i with x. Therefore, E i and
is a strictly monotonic decreasing function of t i , as shown in Fig. 2 .
Remark: The above lemma shows that in order to minimize the EC, t i 's should be as large as possible, which is consistent with the previous conclusion that p i 's should be as 31474 VOLUME 6, 2018 small as possible (refer to (17)). However, t i 's are not allowed to be too large due to the TTC constraint.
Let T = t 1 , t 2 , ..., t N ACK represent the solution of problem (P3). The following lemma shows that the objective function of problem (P3) is convex.
Lemma 3: E (T) =
Having (21), the second derivative of E i is given by
Obviously,
is a strictly convex function (see Fig. 2 ) and
Since the constraint function of problem (P3) is a linear function, it is a convex optimization problem. Because there exists a T satisfying N ACK i=1 t i < T th (that is, the inequality constraints hold with strict inequalities), the Slater's condition holds [25] and thus strong duality holds for this convex optimization problem (i.e., the duality gap is zero). Therefore, we are able to get the solution of the primal problem by solving the dual problem.
The lagrangian associated with problem (P3) is (23) where λ ≥ 0 is the Lagrange multiplier associated with the constraint. Meanwhile, the Lagrange dual problem is given by
It is well-known that the Karush-Kuhn-Tucker (KKT) conditions are both necessary and sufficient for the primal and dual optimal variables with zero duality gap, which are given by
where t * i (i = 1, 2, ..., N ACK ) and λ * denote the optimal primal and dual solutions of the problem (P3).
Having the KKT conditions (25-28), on one hand, we can know that it is very difficult (if not impossible) to utilize the KKT condition for obtaining the closed-form expression of t * i as we cannot obtain the closed-form expression t * i = f (λ) according to (28). On the other hand, we can know that dual decomposition method can be used to obtain the approximately optimal solution of t * i . However, the iteration times of updating dual variable λ is usually hundreds of times or larger. For this reason, we aim to design more efficient optimal algorithm with lower computational complexity.
Let h i represent the derivative of E i with respective to t i . According to (21) 
We intend to solve the subproblem (P3) by obtaining the optimal h * i first, and then obtaining t * i corresponding to h * i based on (29). This is because h * i 's have the good property
which will be proven in the following theorem.
Theorem 1: For the optimal solution
holds.
Proof: We prove it by contradiction. Assume that
is the optimal solution and it does not satisfy h
. Without loss of generality, suppose that h * i < h * j . Now we modify the solution T * = t * 1 , t * 2 , ..., t * N ACK to be a new solution T = t 1 , t 2 , ..., t N ACK whose t k = t * k for any k ∈ {1, 2, ..., N ACK } / {i, j}, t i = t * i + t, and t j = t * j − t where t > 0 is a small enough value. Clearly this new solution still satisfies the TTC constraint and thus is feasible. Then for this new solution, Since Lemma 2 shows that E i strictly monotonically decreases as t i increases, we further have the following corollary.
Corollary 2:
As h i increases, E i strictly monotonically decreases.
E i decreases as h increases. Due to the TTC constraint, h cannot increase without limit, which further leads to the following corollary.
Corollary 3:
The optimal h * satisfies
Having the above theory and lemmas, we finally present an efficient optimal algorithm.
From Theorem 1, we have h *
= h * . Based on Corollary 1 and Corollary 2, we search for h * via bisection method in the range of [h min , h max ],where h min is a negative value that is small enough such that Finally, our algorithm for the subproblem of optimizing the transmission powers is described as follows.
Algorithm2:
Optimizing Retransmitters' Transmission Powers for a Given AP Input: T th , {g 1 , g 2 , ..., g N ACK } Output: p i , i = 1, 2, ..., N ACK 1 h min is set to be small enough such that (17) .
V. PERFORMANCE EVALUATION
In this section, we first evaluate how much multicast traffic load can be offloaded from BS by using the D2D communication as compared to the traditional multicast scheme where BS repeatedly transmits the same packet until it is received by all receivers. Then we evaluate the performance of our D2D based retransmission scheme in terms of the EC of D2D retransmitters.
A. REDUCTION OF MULTICAST TRAFFIC LOAD AT BS ACHIEVED BY USING D2D COMMUNICATION
For the traditional multicast scheme, Table 1 We can see that even if N = 10 and the PDR of each receiver is larger than 0.8,n is as large as 1.8 and thus multicast traffic load at BS is reduced by more than 44.4%. As the number of receivers increases or PDR decreases, the reduction of multicast traffic load further increases. For example, when N = 20 and [p min , p max ] is [0.6, 1.0], BS's multicast traffic load of using D2D communication is lower than one-third of that in the traditional multicast scheme.
B. EVALUATION OF RETRANSMITTERS' ENERGY CONSUMPTION
Because the available D2D retransmission schemes of D2D-MC do not aim to optimize the EC of retransmitters and use the fixed transmission power at retransmitters, we compare our proposed D2D communication based retransmission scheme with two schemes without using retransmitter-number adaptation. In the first scheme (called one-retransmitter scheme), the number of retransmitters is fixed to be one. For each candidate retransmitter (i.e., each ACK-device), its optimal transmission power is determined using our algorithm (Algorithm 2). Then the ACK-device with the lowest EC is selected as the retransmitter finally. In the second scheme (called two-retransmitter scheme), the number of retransmitters is fixed to be two. Similar to the first scheme, using the exhaustive method, the two ACK-devices with the lowest EC are selected out as the retransmitters.
In the simulation, all devices are randomly distributed in a disk whose radius is 30m. The other simulation parameters are listed in Table 2 . The results are averaged over randomly generated topologies. The channel power gain for each D2D link is computed using the path loss model expressed by g = For our scheme, Fig. 3 plots the occurrence probability histogram of the optimal number of retransmitters (denoted by L opt ) under various ratios of N ACK /N NACK for a 30-device D2D-MC. From this figure, we can draw the following conclusions.
First, the occurrence probability distribution of L opt being different values roughly follows a normal distribution. The reason behind it is as follows. If too few ACK-devices act as retransmitters, it is very likely that some NACK-devices do not have short-distance retransmitters to associate, that is to say, some subclusters have small g i and thus E i is relatively large, leading to much energy consumption. So in most topologies, L opt is not too small. As the number of retransmitters L increases, NACK-devices have nearer retransmitters to associate and g i increases fast due to g i is inversely proportional to some power of D2D link distance. However, if too many ACK-devices act as retransmitters, although each subcluster may have a slightly larger g i (i.e., slightly smaller E i ) as compared to the case of fewer retransmitters (say 6 ACK-devices in Fig. 3(d) ), it is likely that the total EC of all retransmitters is relatively large on the contrary.
Second, as the ratio of N ACK /N NACK (denoted by η below) increases, the value of L opt having the largest occurrence probability increases. For example, L opt = 4 having the largest occurrence probability of 23.7% in the case η = 1 : 2, whereas L opt = 6 having the largest occurrence probability of 20.0% in the case η = 2 : 1.
Third, we can see that even if η = 2 : 1, the total occurrence probability of L opt being 10 or a larger value is quite small. Further, considering that the total number of users insider a D2D-MC is usually not too large, we can just check the performance of each CRP among those CRPs whose number of retransmitters is smaller than a preset value L th , say 9, to find out a good (usually the optimal) CRP. Simulation results (omitted here) show that, exhaustively checking all CRPs to find the optimal CRP only yields a marginal extra gain, at the cost of higher computational complexity. Fig. 4 shows the average EC per packet under different η. First, it can be seen that as η increases, the EC decreases for each scheme. This is because as η increases, not only N ACK increases such that better APs can be selected out, but also N NACK decreases. Second, for each η, the two-retransmitter scheme outperforms the one-retransmitter scheme and our scheme further greatly outperforms the two-retransmitter scheme. For example, when η = 4 : 6, the two-retransmitter scheme reduces EC by 21.21% as compared to the oneretransmitter scheme and our scheme further reduces EC by 40.77% as compared to the two-retransmitter scheme. Specifically, one-retransmitter scheme uses only one retransmitter to serve all NACK-devices, so usually the worst link in the cluster has a very small channel power gain, leading to a very large transmission power needed for delivering L bits with allowed time duration T th . In two-retransmitter scheme, each subcluster has much larger g i as compared to oneretransmitter scheme and thus much smaller E i . Compared to two-retransmitter scheme, in our scheme the number of retransmitters performing retransmissions is adaptive for different packets' retransmissions and is larger than two usually. Fig. 5 plots the average EC per packet under different numbers of devices. It can be observed that as N increases, EC of one-retransmitter scheme and two-retransmitter scheme increases whereas EC of our scheme slowly decreases, and thus the energy saving gain increases. For example, compared to two-retransmitter scheme, our scheme reduces EC by 28.71% when N = 20 and by 48.56% when N = 30. This can be explained as follows. For both one-retransmitter scheme and two-retransmitter scheme, as N increases, N NACK increases and thus g i decreases although N ACK increases. For our scheme, as N increases, we usually can select out better APs due to the increase of N ACK .
Finally, it is worth further noticing that when compared to the retransmission schemes without using our propose Algorithm 2 to obtain the optimal transmission powers, the energy saving achieved by our scheme can be more significant.
VI. CONCLUSION
In this paper, we considered D2D communication based multicast from BS to a cluster of devices which are close to one another, aiming to minimize the total energy consumption of retransmitters. Firstly, we first present the subcluster based single-channel D2D retransmission way where the ACK-devices use the same channel in the TDMA mode. Then we formulate the joint optimization of NACK-devices' association and retransmitters' transmission powers to be an MINLP problem, minimizing the total energy consumption of retransmitters. Finally, we propose an efficient algorithm for this problem to find good association pattern and transmission powers. Compared to its counterparts with a fixed number of retransmitters, our retransmission scheme greatly reduces the total energy consumption of retransmitters. Also, the energy saving gain increases with an increase in the number of multicast receivers or the number of ACK-devices.
Additionally, this work assumes that BS has knowledge of the instantaneous channel power gains of D2D links. One important issue for future work to address is to consider the more general environment where BSs have insufficient knowledge of the instantaneous channel power gains of D2D links.
